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Abstract
Based on the assumption of two-quark structure for the light scalar mesons, within the framework
of perturbative QCD approach, we investigate the Bq → D(∗)(s)S(q = u, d, s) decays induced by b→ u
transition, where S denotes a light scalar meson. Under two different scenarios, we calculate the
branching ratios of 96 decay modes totally, which are in the range of 10−5 to 10−8. The comparison
between our predictions and the experimental data will allow us to probe the inner structure of
the scalar mesons. In the standard model, since all decays can only occur through tree operators,
there are no CP asymmetries. From our calculations, it has been shown that the annihilation
type diagrams, especially the nonfactorizable annihilation diagrams, play important roles in the
decay amplitudes, especially for these color-suppressed and pure annihilation type decay modes.
We also find that the branching ratios of color-allowed type decays are sensitive to the different
scenarios, so the measurements of them will be ideal places to differentiate the different scenarios.
It can be found that the ratios between Br(B0 → D(∗)0σ) and Br(B0 → D(∗)0f0), and between
Br(B+ → D(∗)+σ) and Br(B+ → D(∗)+f0) can be used to determine the mixing angle of σ and
f0.
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I. INTRODUCTION
In spite of the striking success of QCD theory for strong interaction, the underlying
structure of the light scalar mesons has not been identified till now, though many efforts have
been devoted to this subject. Theoretically, many possible scenarios have been proposed,
for review see [1]. According to the mass spectrum and the decays of the scalars, it is
accepted by most of us that the light scalars below or near 1 GeV, including f0(600)(σ),
f0(980), κ(800), and a0(980), form an SU(3) flavor nonet, and the ones above 1 GeV such
as a0(1450), K
∗
0 (1430), f0(1370), f0(1500)/f0(1700), form another SU(3) flavor nonet [2, 3].
To describe the structure of two nonets, there exist two typical schemes [4, 5]. In scenario-1
(S1), the light scalar mesons below or near 1 GeV are treated as the lowest lying qq states,
and those mass near 1.5 GeV are suggested as the first excited states correspondingly. On
the contrary, in scenario 2 (S2), the heavier nonet mesons are regarded as the ground states
of q¯q, and these lighter nonet ones are not the regular mesons and might be the four-quark
states. It should be pointed out is that all mesons in S1 are two-quark states. Note that the
different scenarios may give very different predictions on the production and decays of the
scalar mesons, which can be tested by the related experiments.
Ever since the first B decays involving a light scalar meson, B → f0(980)K, was measured
by Belle in 2002 [6], which was confirmed by BaBar in 2004 subsequently [7], more and more
B decays with one scalar meson have been found in two B factories and LHCb experiment [8,
9]. Especially, the LHCb Collaboration has reported their first measurements on the charmed
decays B(s) → Df0(500), Df0(980) [10]. More and more observations about Bq decays
involving a scalar meson, together with the theoretical researches, will provide us further
information on the inner structure of the scalar mesons. Motivated by this, the charmless
Bq decays involving a scalar meson have been already explored in different approaches, such
as in the generalized factorization approach[11], in QCD factorization (QCDF) [4, 5, 12–15],
in perturbative QCD approach (PQCD) [16–30].
Compared to the charmless Bq decays involving a scalar meson, the Bq decays to a heavy
D meson and a light scalar meson are more clear to probe the essential information about
the scalar mesons, for example, the mixing angle of σ − f0 system, because these decays
occur only through the tree operators. In this work, we shall investigate the charmed Bq
decays involving a scalar meson in the final states. As we know, the neutral scalar mesons
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σ, f0 and a0 cannot be produced through the vector current due to the requirement of the
charge conjugation invariant [5]. For other scalars, compared with the scalar decay constants
fS, the vector decay constant fS is heavily suppressed by the mass difference between the
constituent quarks of scalar meson. In short, the vector decay constants of the scalar mesons
are either zero or tiny, so these decays with a scalar meson emitted will heavily suppressed
or even prohibited in naive factorization approach. Fortunately, the decay modes with D
emitted could avoid the above situation and provide an opportunity to understand the inner
structure of scalar mesons. So, in the present work, we only study the decays induced by
b → u transition, where the D(∗) meson is emitted. Since all these decays can only occur
through the tree operators, the direct CP -asymmetries are absent naturally.
For the charmed B decays, it should be pointed out that the factorization of the am-
plitudes becomes complicated because the D meson will introduce another expansion series
of mD/mB, as stressed in refs.[31–33]. Fortunately, the factorization of B → DM at the
leading order has been proved in kT factorization and the soft collinear effective theory [34].
So, the present calculations at the leading order are reliable.
This paper is organized as follows. In Sec.II, we will give a brief review of the distribution
amplitudes of the initial and final states and the formalism of the PQCD approach. We
will then perform the perturbative calculations and provide the analytic formulas for the
considered decay modes in Sec.III. In Sec.IV, our numerical results and the phenomenological
analysis will be given. Finally, a short summary will be given in Sec.V.
II. FORMALISM AND WAVE FUNCTION
In contrast to the QCD factorization and soft collinear effective theory, the PQCD ap-
proach is based on the so-called kT factorization formalism [35–37], which means that the
transverse momenta kT of the valence quarks of the hadrons have been taken into account.
As a result, the end-point singularity will be avoided well. Further, the additional scale
introduced by the transverse momentum can lead to double logarithms in QCD corrections,
which can be resummed through the renormalization group approach and arrive the Sudakov
form factor. This factor could suppress the end-point contributions of the distribution ampli-
tudes in the small transverse momentum region effectively. What’s more, another advantage
is that the annihilation type diagrams can be perturbatively calculated without introducing
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new parameters like in QCDF [38, 39].
In this paper, the effective Hamiltonian Heff related to B → D(∗)(s)S decays can be written
as [40]:
Heff =
GF√
2
V ∗ubVcd(s)[C1(µ)O1(µ) + C2(µ)O2(µ)], (1)
with the CKM matrix elements, Vub and Vcd(s). C1,2 are the Wilson coefficients at renormal-
ization scale µ. The O1,2 are the four-quark operators, and can be expressed as
O1 = (b¯αuβ)V−A(c¯βd(s)α)V−A, (2)
O2 = (b¯αuα)V−A(c¯βd(s)β)V−A, (3)
with the color indices α and β, and (b¯αuβ)V−A = b¯αγ
µ(1− γ5)uβ.
It is well known that there are several scales appearing in theB decays, so the factorization
is often adopted. The physics higher than the mass of W meson(mW ) can be calculated
perturbatively. Using the Wilson coefficients at the scalemW and the renormalization group,
we can describe the dynamical effects from mW scale to mb scale in the Wilson coefficients.
The physics belowmb scale and the factorization scale t can be perturbatively calculated and
included in the hard kernel of PQCD. The soft dynamics below the factorization scale t is
nonperturbative and can be described by the hadronic wave functions, which are universal.
Based on the factorization above, the decay amplitude can be described as the convolution
of the Wilson coefficients C(t), the hard scattering kernel H(xi, bi, t) and the hadronic wave
functions Φ of initial and final states[41]
A ∼
∫
dx1dx2dx3b1db1b2db2b3db3 × Tr[C(t)ΦB(x1, b1)
×ΦM2(x2, b2)ΦM3(x3, b3)H(xi, , bi, t)St(xi)e−S(t), (4)
where the xi(i = 1, 2, 3) are the longitudinal momentum fractions of valence quarks in each
meson, bi are the conjugate variables of the quark transverse momentum kT i, Tr denotes
the trace over Dirac and colour indices. The jet function St(xi) obtained by the threshold
resummation of the double logarithms ln2 xi can effectively smears the end-point singularities
in xi [42]. The factor e
−S(t) from the resummation of the double logarithms is the Sudakov
form factor suppressing the soft dynamics effectively, i.e. the long distance contributions in
the large b region [43, 44].
Since the wave functions in the initial and final mesons are the important inputs in the
PQCD approach, we should choose the proper wave functions to provide reliable predictions.
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For the initial B meson, the numerically suppressed Lorentz structure has been neglected
and the rest one remain as the leading contributions [45]. Then the wave function of B
meson can be decomposed as
ΦB(x, b) =
i√
6
[(/P +mB)γ5φB(x, b)], (5)
with the light-cone distribution amplitude [45, 46]
φB(x, b) = NBx
2(1− x2)exp
[
−m
2
Bx
2
2ω
− 1
2
ω2b2
]
, (6)
where NB is the normalization constant. The distribution amplitude obey the following
normalization condition
∫
d4k
(2π)4
φB(k) =
fB
2
√
6
. (7)
The shape parameter ω and the decay constant fB will be taken (0.4 ± 0.04)GeV and
(0.19 ± 0.02) GeV, respectively. For Bs meson, we take ω = (0.5 ± 0.05) GeV and fBs =
(0.23± 0.03) GeV, considering the SU(3) breaking effects [35, 47, 48].
According to the heavy quark limit, the two-parton light cone distribution amplitudes of
D(D∗) meson will be taken as [49–52]
〈D(p)|qα(z)c¯β(0)|0〉 = i
2
√
6
∫ 1
0
dxeixp·z[γ5(/p+mD)φD(x, b)]α,β , (8)
〈D∗(p)|qα(z)c¯β(0)|0〉 = −1
2
√
6
∫ 1
0
dxeixp·z[/ǫL(/p+mD∗)φ
L
D∗(x, b)
+/ǫT (/p+mD∗)φ
T
D∗(x, b)]α,β . (9)
For the distribution amplitudes appearing above, we adopt the form [50–52]
φD(x, b) = φ
L,T
D∗ (x, b) =
1
2
√
6
fD(∗)6x(1− x)[1 + CD(1− 2x)]e
−ω2b2
2 , (10)
where CD = 0.5 ± 0.1, ω = 0.1 GeV and fD = 207 MeV for the D meson, while for D∗
meson, CD = 0.4± 0.1, ω = 0.2 GeV and fD∗ = 241 MeV [53].
For the scalar mesons, both scenarios will be discussed. The wave function for the scalar
mesons can be defined as
ΦS(x) =
i
2
√
6
[/pφS(x) +mSφ
S
S(x) +mS(/n/v − 1)φTS (x)], (11)
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where the x is the momentum fraction of the “quark” in the meson and n = (1, 0, 0T ),v =
(0, 1, 0T ) are the lightlike vectors. φS and φ
S,T
S are the leading-twist and twist-3 distribu-
tion amplitudes respectively. For the leading-twist light-cone distribution amplitude can be
expanded as the Gegenbauer polynomials [4, 5, 57]:
φS(x, µ) =
3
2
√
6
x(1− x)[fS(µ) + f¯S
∞∑
m=1
Bm(µ)C
3/2
m (2x− 1)]. (12)
For the twist-3 distribution amplitudes, we adopt the asymptotic forms for simplicity,
φSS =
f¯S
2
√
6
, φTS =
f¯S
2
√
6
(1− 2x). (13)
The fS, f¯S, Bm, and C
3/2
m are the vector decay constant, scalar decay constant, Gegenbauer
moments and Gegenbauer polynomial. For the neutral scalar mesons, the vector decay
constants are zero indeed due to the fact that the neutral scalar mesons can not be produced
through the vector current, required by the charge conjugation invariance,
fσ = fa0 = ff0 = 0. (14)
For the rest scalar mesons, the vector decay constant fS and the scalar decay constant f¯S
can be related by the equation of motion,
f¯S = µfS, µ =
mS
m2(µ)−m1(µ) , (15)
where the masses m1,2 are the running current quark masses. Thus, for σ, a0,and f0, the
vector decay constants vanish, but the scalar decay constants remain finite. Note that in
different scenarios, the above parameters have different values, the explicit values of which
are referred to refs.[4, 5].
Like the case of η − η′, the experimental data also indicate the mixing of the σ − f0
system,
(
σ
f0
)
=
(
cos θ − sin θ
sin θ cos θ
)(
fn
fs
)
, (16)
with fn = (uu + dd)/
√
2 and fs = ss. θ is the mixing angle. In ref.[5], the authors have
taken θ = 17◦. Recently, the LHCb has proposed a upper limit |θ| < 30◦ by the process
B¯0 → J/ψf0(980) [54]. Since there are no exact value for the mixing angle, we then take the
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FIG. 1. Leading order Feynman diagrams contributing to the B → D(∗)S decays in PQCD
two possible range of 25◦ < θ < 40◦ and 140◦ < θ < 165◦ [55]. For the f0(1370)− f0(1500)
system, according to ref.[56], the mixing form can be simplified as
f0(1370) = 0.78fn + 0.51fs,
f0(1500) = −0.54fn + 0.84fs, (17)
where the possible tiny scalar glueball components have been neglected in the present work.
III. PERTURBATIVE CALCULATION
In this section, we calculate and present the partial decay amplitudes including the hard
kernel H(x, b, t), the wave functions and the related functions, but without the Wilson
coefficients in eq.(4). At the leading order, there are only eight diagrams contributing to
the considered channels, which are presented in Fig.1. The first row shows the emission
type diagrams, while the second row shows the annihilation type diagrams. In this work,
we express the decay amplitudes as the convolution of the hard kernel and wave functions
involved in the decays.
The first two diagrams in Fig.1 are the factorizable emission diagrams. In PQCD ap-
proach, the amplitudes can be written as
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Aef = 8πCffDm4B
∫ 1
0
dx1dx2
∫ 1/Λ
0
b1db1b3db3φB(x1)
×{[φS(x3)(x3 + 1)− rS(2x3 − 1)(φSS(x3) + φTS (x3))]
·Eef(ta)hef(x1, x3(1− r2D), b1, b3)
+2rTφ
S
S(x3)Eef(tb)hef(x3, x1(1− r2D), b3, b1)}, (18)
where rS = mS/mB, rD = mD/mB. Cf = 4/3 is a color factor. The inner functions t, E,
and h can be found in Appendix.A of ref.[32]
In Fig.1, The last two diagrams in the first row are the hard-scattering emission diagrams.
These two diagrams are nonfactorizable and the decay amplitudes involve three meson wave
functions. In calculating, the b3 can be integrated out by δ function δ(b1 − b3). Then, the
amplitudes are given blow:
Menf = 16
√
2
3
πCfm
4
B
∫ 1
0
dx1dx2dx3
∫ 1/Λ
0
b1db1b2db2φB(x1)φD(x2)
{[x2φS(x3) + rSx3(φTS (x3)− φSS(x3))]Eenf(tc)hc(xi, bi)
+[φS(x3)(x2 − x3 − 1) + rSx3(φSS(x3) + φTS (x3))]Eenf(td)hd(xi, bi)}. (19)
For the factorizable annihilation diagrams in Fig.1 (e and f), the B meson can be factorized
out, and the amplitudes can be written as:
Aaf = −8πCffBm4B
∫ 1
0
dx2dx3
∫ 1/Λ
0
b2db2b2db3φD(x3)
{[x3φS(x2) + 2rDrSφSS(x2)(x3 + 1)]Eaf(te)haf(x2, x3(1− r2D), b2, b3)
−[x2φS(x2) + rDrS(φSS(x2)(2x2 + 1) + φTS (x2)(2x2 − 1))]
×Eaf (tf )haf (x3, x2(1− r2D), b3, b2)}. (20)
The last two diagrams in Fig.1 are the nonfactorizable annihilation diagrams, the corre-
sponding amplitudes are as follows:
Menf = −16
√
2
3
πCfm
4
B
∫ 1
0
dx1dx2dx3
∫ 1/Λ
0
b1db1b2db2φB(x1)φD(x3)
{[x2φS(x2) + rDrS(φSS(x2)(x2 + x3 + 2) + φTS(x2)(x2 − x3))]Eanf(tg)hg(xi, b1, b2)
−[x3φS(x2) + rDrS(φSS(x2)(x2 + x3) + φTS (x2)(x3 − x2))]
×Eanf (th)hg(xi, b1, b2). (21)
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For the B → D∗S decays, only the longitudinal polarization contributes to the decay
amplitude due to the conservation of angular momentum. After calculation, one can find
that, the expressions of the factorizable emission and hard-scattering emission contributions
can be obtained by the following substitutions in eq.(18) and eq.(19):
φD → φLD∗ , fD → fD∗ , mD → mD∗ . (22)
The annihilation type contributions can be written as:
ALaf = 8πCffBm4B
∫ 1
0
dx2dx3
∫ 1/Λ
0
b2db2b3db3φ
L
D∗(x3, b3)
{[−x3φS(x2) + 2rDrs(1− x3)φSS(x2)]haf (x2, x3(1− r2D), b2, b3)Eaf (te)
−[x2φS(x2) + rDrS(φSS(x2)− φTS (x2))]haf (x3, x2(1− r2D), b3, b2)Eaf (tf)}, (23)
MLanf = −16
√
2
3
πCfm
4
B
∫ 1
0
dx1dx2dx3
∫ 1/Λ
0
b1db1b2db2φB(x1, b1)φ
L
D∗(x3, b2)
×{[x2φS(x2) + rDrS((x2 − x3)φSS(x2) + (x2 + x3 − 2)φTS (x2))]hg(xi, b1, b2)Eanf (tg)
−[x3φS(x2)− rDrS((x2 − x3)φSS(x2)− (x2 + x3)φTS (x2))]hh(xi, b1, b2)Eh(th)}. (24)
The complete decay amplitudes with the Wilson coefficients of each Bq → D(∗)(s)S channel,
the expressions are the same as those of Bq → D(∗)(s)T decays in ref.[32], because the topologies
of these two type decays are identical.
IV. NUMERICAL RESULTS AND DISCUSSIONS
We will start this section by listing the input parameters used in our numerical calcula-
tions. For the decay constants of the scalar mesons, we take the values in ref. [5]. Other
parameters, such as QCD scale, the masses of the B(s) meson and b quark, the lifetime of
B(s) meson, the decay constant of initial B meson and the CKM elements are given below:
Λf=4
MS
= 0.25± 0.05GeV, mB(s) = 5.28(5.37)GeV, mb = 4.8GeV,
τB±/0 = 1.641/1.519ps, τBs = 1.479ps,
Vub = 0.00351
+0.00015
−0.00014, Vcs = 0.97344, Vcd = 0.22520. (25)
In Tables.I-VI, the branching ratios calculated in PQCD are listed, and we also mark
each channel by the symbols T (color-allowed tree contributions), C (color-suppressed tree
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TABLE I. Branching ratios of Bq → DS(a0, κ, σ, f0) decays calculated in the PQCD approach in
S1.
Decay Modes Class BRs(10−7)
B0 → D0a0 C,E 1.40+0.56+0.40+0.11−0.45−0.42−0.10
B0 → D+a−0 T 17.4+7.9+1.1+1.4−6.1−1.6−1.3
B0 → D0σ C,E 0.09+0.04+0.04+0.01
−0.03−0.02−0.01(fn)
B0 → D0f0 C,E 0.13+0.05+0.07+0.01−0.04−0.05−0.01(fn)
B0 → D0κ0 C 4.17+2.91+1.99+0.36
−1.70−1.60−0.33
B0 → D+s a−0 T 481+214+24+41−172−31−39
B0 → D+s κ− E 1.45+0.48+0.33+0.11−0.39−0.39−0.11
B+ → D0a+0 C 1.13+0.48+0.53+0.09−0.38−0.36−0.09
B+ → D+a00 T 10.2+4.3+0.6+0.7−3.5−0.9−0.8
B+ → D0κ+ C 15.4+6.9+8.1+1.3
−5.2−4.8−1.3
B+ → D+κ0 A 3.86+1.16+2.07+0.33
−1.03−1.42−0.32
B+ → D+σ T 5.26+2.42+0.23+0.41
−1.96−0.23−0.40(fn)
B+ → D+f0 T 8.69+3.92+0.39+0.68−3.18−0.39−0.66(fn)
B+ → D+s a00 T 240+106+12+20−86−16−20
B+ → D+s κ¯ A 0.29+0.08+0.13+0.02−0.08−0.07−0.02
B+ → D+s σ T 133+59+7+11−48−7−11(fn)
A 3.39+1.04+0.77+0.28
−0.96−0.71−0.28(fs)
B+ → D+s f0 T 228+100+15+19−79−13−19 (fn)
A 4.50+1.36+2.07+0.38
−1.22−1.31−0.37(fs)
Bs → D0a00 E 14.0+5.1+3.4+1.2−4.3−3.8−1.1
Bs → D+a−0 E 28.1+10.3+6.8+2.4−8.6−7.9−2.3
Bs → D0κ¯ C 0.27+0.20+0.16+0.02−0.16−0.12−0.02
Bs → D+κ− T 10.9+5.6+0.6+0.8−4.3−0.9−0.8
Bs → D0σ E 9.50+3.59+2.00+0.80−3.17−2.45−0.77(fn)
C 4.96+3.79+2.20+0.42
−2.94−1.97−0.41(fs)
Bs → D0f0 E 12.4+4.8+2.3+1.0−4.1−2.4−1.0(fn)
C 4.25+3.28+1.93+0.36
−2.43−1.67−0.35(fs)
Bs → D+s κ− T 240+129+15+20−96−14−19
contributions), A (W annihilation type contributions), E (W exchange type contributions),
so as to indicate the dominant topological contributions. In fact, there are many uncertain-
ties in the calculation. In each table, the first errors are from the uncertainties of hadronic
parameters, namely the decay constants of involved mesons and the distribution amplitudes
of the initial and final mesons. The second kind of error is from the scale uncertainties,
characterized by Λ = (0.25 ± 0.05) GeV and the variations of the factorization scales t
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TABLE II. Branching ratios of ∆S = 0 processes calculated in the PQCD approach in S1 and S2,
respectively.
Decay Modes Class BRs(10−7)
B0 → D0a00(1450) C,E 3.42+1.80+0.97+0.27−1.45−1.08−0.26(S1)
2.80+1.83+0.55+0.21
−1.48−0.68−0.22(S2)
B0 → D+a−0 (1450) T 4.27+1.42−2.58+0.33−1.25−1.61−0.33(S1)
30.3+15.8+2.5+2.3
−12.4−2.5−2.3(S2)
B0 → D0f0(1370) C,E 0.87+0.32+0.16+0.07−0.29−0.30−0.07(fn)(S1)
0.35+0.27+0.24+0.03
−0.20−0.17−0.03(fn)(S2)
B0 → D0f0(1500) C,E 0.88+0.33+0.17+0.07−0.30−0.31−0.07(fn)(S1)
0.40+0.30+0.27+0.10
−0.20−0.17−0.08(fn)(S2)
B0 → D+s K∗−0 (1430) E 3.79+1.35+0.14+0.30−1.21−0.63−0.28(S1)
2.13+1.71+0.07+0.17
−1.03−0.18−0.16(S2)
B+ → D0a+0 (1450) C 1.41+0.97+0.57+0.11−0.80−0.61−0.11(S1)
1.64+1.25+0.38+0.13
−0.93−0.49−0.12(S2)
B+ → D+a00(1450) T 2.92+1.57+0.59+0.23−1.27−0.05−0.20 (S1)
23.3+11.0+1.1+1.7
−9.1−1.0−1.8 (S2)
B+ → D+f0(1370) T 3.43+2.68+0.53+0.27−2.08−0.80−0.26(fn)(S1)
22.9+11.5+1.1+1.8
−9.1−1.6−1.7 (fn)(S2)
B+ → D+f0(1500) T 4.02+3.01+0.57+0.31−2.36−0.88−0.31(fn)(S1)
25.8+13.9+1.2+2.0
−11.3−1.7−2.0(fn)(S2)
B+ → D+s K¯∗00 (1430) A 0.25+0.10+0.03+0.01−0.09−0.09−0.01(S1)
0.17+0.13+0.05+0.01
−0.07−0.03−0.01(S2)
Bs → D0K¯∗00 (1430) C 0.59+0.40+0.30+0.05−0.35−0.26−0.04(S1)
0.76+0.76+0.30+0.06
−0.64−0.32−0.06(S2)
Bs → D+K∗−0 (1430) T 7.58+4.14+0.34+0.59−3.27−0.22−0.58(S1)
33.3+19.1+1.5+2.6
−15.3−1.9−2.5(S2)
(0.8t→ 1.2t) in Appendix A. The last error is from the uncertainties of the CKM elements
in eq.(25). From the tables, it is apparent that the most important theoretical uncertainty
is from the nonperturbative input parameter, especially from the distribution amplitudes of
the initial and final states. In fact, for the PQCD approach, the meson wave functions are
the primary important inputs and heavily influence the predictions of the branching ratios,
which has been stressed in Ref. [58]. Since all Bq → D(∗)S decays can only occur through
the tree operators, there is no the CP violation in these decays in SM, as we have stated
above.
We now discuss the results appearing in tables. From previous studies of charmless
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TABLE III. Branching ratios of ∆S = 1 processes calculated in the PQCD approach in S1 and S2,
respectively.
Decay Modes Class BRs(10−6)
B0 → D0K∗00 (1430) C 1.02+0.70+0.53+0.09−0.57−0.43−0.08(S1)
1.11+1.30+0.48+0.09
−0.70−0.40−0.09(S2)
B0 → D+s a−0 (1450) T 19.7+12.5+2.1+1.6−10.1−1.7−1.6(S1)
128+64+6+11
−53−6−11(S2)
B+ → D0K∗+0 (1430) C 2.13+1.26+0.63+0.18−1.10−0.73−0.18(S1)
2.17+2.25+0.45+0.18
−1.29−0.58−0.18(S2)
B+ → D+K∗00 (1430) A 0.41+0.18+0.05+0.04−0.14−0.15−0.03(S1)
0.19+0.14+0.08+0.02
−0.10−0.03−0.01(S2)
B+ → D+s a00(1450) T 9.82+5.58+1.02+0.88−4.56−0.81−0.79(S1)
63.9+31.9+3.1+5.4
−26.1−3.1−5.3(S2)
B+ → D+s f0(1370) T 7.75+5.78+0.82+0.60−4.56−0.63−0.60(fn)(S1)
58.5+29.6+2.9+4.9
−24.5−2.4−4.8(fn)(S2)
A 0.50+0.22+0.07+0.04
−0.16−0.20−0.04(fs)(S1)
0.28+0.17+0.11+0.02
−0.14−0.04−0.02(fs)(S2)
B+ → D+s f0(1500) T 9.30+6.51+0.83+0.80−5.27−0.45−0.76(fn)(S1)
66.5+33.7+3.4+5.7
−27.3−2.9−5.4(fn)(S2)
A 0.46+0.20+0.07+0.04
−0.15−0.19−0.04(fs)(S1)
0.30+0.17+0.15+0.02
−0.11−0.06−0.02(fs)(S2)
Bs → D0a00(1450) E 3.99+1.83+0.44+0.34−1.53−0.76−0.32(S1)
2.07+1.30+0.08+0.18
−1.03−0.28−0.16(S2)
Bs → D+a−0 (1450) E 7.98+3.65+0.87+0.67−3.07−1.51−0.65(S1)
4.15+2.51+0.13+0.35
−2.07−0.37−0.34(S2)
Bs → D0f0(1370) E 3.05+1.32+0.31+0.26−1.11−0.58−0.25(fn)(S1)
1.48+1.20+0.05+0.12
−0.83−0.14−0.12(fn)(S2)
C 0.79+0.75+0.52+0.060.55−0.37−0.06 (fs)(s1)
1.02+1.26+0.48+0.09
−0.80−0.45−0.08(fs)(S2)
Bs → D0f0(1500) E 2.97+1.29+0.35+0.25−1.09−0.56−0.24(fn)(S1)
1.46+1.17+0.05+0.12
−0.82−0.13−0.12(fn)(S2)
C 0.74+0.73+0.50+0.06
−0.52−0.36−0.06(fs)(S1)
0.95+1.17+0.47+0.08
−0.75−0.43−0.07(fs)(S2)
Bs → D+s K∗−0 (1430) T 14.5+5.8+5.5+1.2−4.9−3.8−1.2(S1)
55.1+31.6+3.4+4.7
−24.1−3.0−4.5(S2)
decays B → PS , we know that the contributions of the hard-scattering diagrams are much
smaller than those of the factorizable diagrams. However, for the concerned decays, the
contributions from the hard-scattering emission diagrams in Fig.1 are no longer negligible,
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TABLE IV. Branching ratios of Bq → D∗S(a0, κ, σ, f0) decays calculated in the PQCD approach
in S1.
Decay Modes Class BRs(10−7)
B0 → D∗0a0 C,E 1.08+0.49+0.34+0.08−0.38−0.32−0.08
B0 → D∗+a−0 T 15.1+7.4+0.7+1.2−5.8−1.4−1.1
B0 → D∗0σ C,E 0.07+0.03+0.05+0.01
−0.03−0.04−0.01(fn)
B0 → D∗0f0 C,E 0.13+0.05+0.10+0.01−0.04−0.05−0.01(fn)
B0 → D∗0κ0 C 3.90+2.31+2.80+0.33
−1.74−1.50−0.32
B0 → D∗+s a−0 T 449+199+23+38−157−28−36
B0 → D∗+s κ− E 1.11+0.39+0.25+0.09−0.32−0.30−0.09
B+ → D∗0a+0 C 0.77+0.36+0.35+0.06−0.31−0.28−0.06
B+ → D∗+a00 T 7.07+3.40+0.39+0.50−2.65−0.55−0.50
B+ → D∗0κ+ C 10.3+5.5+5.0+0.7
−4.7−4.2−0.9
B+ → D∗+κ A 3.21+1.18+1.55+0.27
−1.00−0.91−0.26
B+ → D∗+σ T 6.05+2.58+0.30+0.48
−2.13−0.46−0.46(fn)
B+ → D∗+f0 T 10.5+4.3+0.5+0.8−3.5−0.9−0.8(fn)
B+ → D∗+s a00 T 224+100+11+19−80−14−18
B+ → D∗+s κ¯ A 0.21+0.09+0.08+0.02−0.07−0.05−0.02
B+ → D∗+s σ T 124+55+6+11−44−6−10(fn)
A 3.64+1.45+1.52+0.31
−1.29−0.60−0.30(fs)
B+ → D∗+s f0 T 213+94+11+18−74−12−17(fn)
A 5.62+2.07+2.27+0.47
−1.89−1.30−0.46(fs)
Bs → D∗0a00 E 10.7+4.2+2.7+0.9−3.5−3.0−0.9
Bs → D∗+a−0 E 21.4+8.5+5.4+1.8−6.9−5.9−1.7
Bs → D∗0κ¯ C 0.25+0.16+0.13+0.02−0.13−0.11−0.02
Bs → D∗+κ− T 10.2+5.2+0.5+0.8−4.2−0.9−0.8
Bs → D∗0σ E 7.99+3.26+1.76+0.68−2.83−2.04−0.65fn)
C 4.63+2.95+2.06+0.39
−2.47−1.83−0.38(fs)
Bs → D∗0f0 E 7.86+3.24+1.72+0.67−2.86−2.00−0.64(fn)
C 3.96+2.60+1.82+0.34
−2.08−1.55−0.32(fs)
Bs → D∗+s κ− T 209+116+9+18−86−13−17
because the symmetry between the charm quark and the light quark in the emitted D meson
is heavily broken [32, 50, 51]. For the color-allowed(T) decays, the decay amplitudes are
dominated by the factorizable emission diagrams with the large wilson coefficient C1/3+C2,
while the hard-scattering emission diagrams are suppressed by the smaller wilson coefficient
C1. So, the decay amplitude can be factorized as the produce of the decay constant fD,
the B → S transition form factor , and the Wilson coefficient with good approximation.
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TABLE V. Branching ratios of ∆S = 0 processes calculated in the PQCD approach in S1 and S2,
respectively.
Decay Modes Class BRs(10−7)
B0 → D∗0a0(1450) C,E 3.74+1.84+1.08+0.29−1.50−1.18−0.28(S1)
2.79+1.84+0.51+0.22
−1.47−0.66−0.21(S2)
B0 → D∗+a−0 (1450) T 4.35+1.42+2.75+0.34−1.25−1.79−0.33(S1)
28.2+14.8+2.1+2.1
−11.4−2.0−2.1(S2)
B0 → D∗0f0(1370) C,E 1.07+0.38+0.14+0.08−0.48−0.30−0.08(fn)(S1)
0.62+0.40+0.33+0.05
−0.30−0.23−0.04(fn)(S2)
B0 → D∗0f0(1500) C,E 1.10+0.40+0.18+0.09−0.35−0.33−0.08(fn)(S1)
0.71+0.42+0.37+0.05
−0.33−0.27−0.06(fn)(S2)
B0 → D∗+s K∗−0 (1430) E 4.52+1.53+0.43+0.35−1.40−0.84−0.35(S1)
2.41+1.90+0.22+0.19
−1.41−0.29−0.18(S2)
B+ → D∗0a+0 (1450) C 3.39+1.74+1.13+0.27−1.50−1.40−0.26(S1)
3.50+2.13+0.78+0.28
−1.77−1.17−0.26(S2)
B+ → D∗+a00(1450) T 1.75+0.99+0.65+0.14−0.78−0.02−0.13 (S1)
15.5+8.1+1.1+1.2
−6.5−0.8−1.2(S2)
B+ → D∗+f0(1370) T 4.81+3.13+0.33+0.37−2,58−0.72−0.37(fn)(S1)
28.6+14.0+1.8+0.2
−11.8−2.0−0.2(fn)(S2)
B+ → D∗+f0(1500) T 5.64+3.54+0.73+0.44−2.91−0.76−0.43(fn)(S1)
32.5+15.7+1.7+2.5
−13.2−2.3−2.5(fn)(S2)
B+ → D∗+s K¯∗00 (1430) A 1.52+0.53+0.23+0.12−0.47−0.35−0.11(S1)
1.35+0.73+0.26+0.11
−0.60−0.37−0.10(S2)
Bs → D∗0K¯∗00 (1430) C 0.55+0.37+0.26+0.04−0.31−0.25−0.04(S1)
0.71+0.67+0.29+0.05
−0.45−0.30−0.06(S2)
Bs → D∗+K∗−0 (1430) T 7.07+3.92+0.31+0.56−3.04−0.19−0.53(S1)
31.1+17.7+1.4+2.4
−14.2−1.8−2.4(S2)
It is reasonable to believe that for these color-allowed decay modes, the branching ratios
will be very sensitive to the wave functions of the scalars. On the contrary, for the color-
suppressed(C) modes, the hard-scattering emission diagrams with the wilson coefficient C2
dominate the decay amplitudes, and the factorizable emission diagrams are suppressed by the
wilson coefficient C1 +C2/3 in turn, so these color-suppressed decay modes are expected to
be detected with relatively large branching ratios. We also note that the contributions from
the annihilation diagrams are sizable and even at the same order as the emission diagrams
in these color-suppressed decays, which has been pointed out already in previous studies
[32, 50, 51]. Due to the existence of charm quark in D mesons, the difference between
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TABLE VI. Branching ratios of ∆S = 1 processes calculated in the PQCD approach in S1 and S2,
respectively.
Decay Modes Class BRs(10−6)
B0 → D∗0K00 (1430) C 0.95+0.59+0.50+0.07−0.51−0.40−0.08(S1)
1.04+0.92+0.44+0.08
−0.72−0.38−0.09(S2)
B0 → D∗+s a−0 (1450) T 18.4+10.4+1.9+1.5−8.6−1.6−1.5 (S1)
119+60+6+10
−47−5−9 (S2)
B+ → D∗0K∗+0 (1430) C 5.91+2.55+1.92+0.50−2.34−2.53−0.48(S1)
4.73+2.14+1.14+0.40
−1.98−1.68−0.38(S2)
B+ → D∗+K∗00 (1430) A 2.45+0.83+0.36+0.20−0.78−0.38−0.20(S1)
2.20+1.15+0.35+0.18
−0.98−0.60−0.18(S2)
B+ → D∗+s a00(1450) T 9.18+5.81+0.93+0.79−4.67−0.75−0.74(S1)
59.7+29.8+2.9+5.1
−24.3−2.8−4.9(S2)
B+ → D∗+s f0(1370) T 7.24+5.29+0.75+0.62−4.27−0.60−0.59(fn)(S1)
54.6+27.8+2.8+4.7
−22.6−2.4−4.4(fn)(S2)
A 2.25+0.87+0.40+0.19
−0.74−0.57−0.18(fs)(S1)
2.64+1.35+0.52+0.23
−1.15−0.56−0.21(fs)(S2)
B+ → D∗+s f0(1500) T 8.69+6.12+0.80+0.74−4.91−0.65−0.71(fn)(S1)
62.2+31.4+3.1+5.3
−25.5−2.6−5.1(fn)(S2)
A 2.41+0.90+0.42+0.20
−0.80−0.58−0.20(fs)(S1)
2.97+1.47+0.62+0.25
−1.25−0.90−0.24(fs)(S2)
Bs → D∗0a00(1450) E 4.74+2.03+0.65+0.40−1.80−1.01−0.39(S1)
2.53+1.69+0.29+0.22
−1.38−0.32−0.20(S2)
Bs → D∗+a−0 (1450) E 9.47+4.07+1.04+0.83−3.58−2.03−0.77(S1)
5.06+3.04+0.73+0.43
−2.78−0.65−0.41(S2)
Bs → D∗0f0(1370) E 3.60+1.51+0.42+0.31−1.30−0.76−0.29(fn)(S1)
1.87+1.58+0.26+0.16
−1.11−0.24−0.15(fn)(S2)
C 0.74+0.70+0.43+0.06
−0.51−0.35−0.06(fs)(s1)
0.96+1.08+0.44+0.08
−0.76−0.43−0.08(fs)(S2)
Bs → D∗0f0(1500) E 3.58+1.50+0.42+0.31−1.29−0.74−0.29(fn)(S1)
1.89+1.57+0.26+0.16
−1.13−0.25−0.15(fn)(S2)
C 0.69+0.68+0.48+0.06
−0.49−0.34−0.06(fs)(S1)
0.88+1.10+0.43+0.07
−0.70−0.41−0.07(fs)(S2)
Bs → D∗+s K∗−0 (1430) T 14.3+5.3+4.9+1.2−4.7−4.3−1.2(S1)
51.5+29.5+3.2+4.4
−22.4−2.8−4.2(S2)
the charmed meson and the light scalar meson will weaken the cancellation between two
annihilation diagrams, especially two nonfactorizable annihilation diagrams (g and h in
fig.1). Although the annihilation type diagrams are power suppressed, the branching ratios
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of some pure annihilation type decays are predicted to be at the order of 10−6, which could
be measured in the ongoing LHCb experiments and Belle-II in the coming future. From
the Tables.I-VI, one can find that, the branching ratios of the ∆S = 1 processes are almost
much larger than those of ∆S = 0 channels, which can be explained by the enhancement of
the factor |Vcs/Vcd|2 ∼ 19.
From the Tables.II-VI, one can find, for these color-allowed tree(T) dominant decays,
except for Bs → D(∗)+(s) K∗−0 (1430), the branching ratios in S2 are about six or seven times
larger than those in S1, which is consistent with our expectation. We have analyzed that
this type decays are dominated by products of decay constant fD and the B → S form fac-
tors, which are sensitive to the different scenarios. Recent studies [59] based on the PQCD
approach indicated that the B → S form factor in S2 are much larger than ones in S1, for
example, |FB→K∗0 (1430)0 (0)| is 0.37 in S1 while 0.67 in S2. This relations are also confirmed in
the light-front quark model [60] and QCD Sum Rules [61, 62]. For the color-suppressed(C)
decays, the contributions from two hard-scattering diagrams dominate, so their branching
ratios are sensitive to the distribution amplitudes of scalar mesons instead of the B → S
form factors. Although the cancellations between two hard-scattering diagrams are weaken
due to the mass of charm quark, the total amplitudes of two diagrams are almost unchanged
in different scenarios. So, the branching ratios of this kind of decays are basically con-
sistent in S1 and S2. For these W-annihilation(A) type Bq → D(s)S decays in Tables II
and III, the branching ratios in S1 are larger than those in S2, while for the same type
Bq → D∗(s)S decays, the branching ratios in S1 basically agree with those in S2. It can be
understood to take account for the destructive interference between the factorizable annihi-
lation contributions and nonfactorizable annihilation contributions in Bq → D(s)S decays,
while constructive interference in Bq → D∗(s)S decays. In short, for these color-allowed de-
cays, the large discrepancies of branching ratios between two scenarios may be confronted
with the ongoing LHC and forthcoming Belle-II experiments in the coming future, which
allows us to distinguish which scenario is the possible inner structure of the scalar mesons, es-
pecially the ∆S = 1 processes with large branching ratio, for example, B0 → D(∗)+s a−0 (1450),
B+ → D(∗)+s a00(1450), Bs → D(∗)+s K∗+0 (1430), and B+ → D(∗)+s f0(1370, 1500).
We turn to discuss the Bq → D(∗)(s)a0 and a0(1450) decays involving 32 processes. From
the numerical results in tables, on can find that the branching ratios are in the range of 10−7
to 10−4 within the theoretical errors, which might be tested in the experiments. In order to
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reduce the theoretical uncertainties, according to the isospin symmetry, one can define some
ratios as:
R1 =
B0 → D(∗)+a−0 (a−0 (1450))
B+ → D(∗)+a00(a00(1450))
⋍ 2; (26)
R2 =
B0 → D(∗)+s a−0 (a−0 (1450))
B+ → D(∗)+s a00(a00(1450))
⋍ 2; (27)
R3 =
Bs → D(∗)0a00(a00(1450))
Bs → D(∗)+a−0 (a−0 (1450))
⋍ 2. (28)
In fact, the lattice calculations [63] had confirmed that a0(1450) have the qq¯ structure.
These above ratios can help us reinforce the qq¯ nature for the a0(1450) if the experiments
become available. For B0 → D(∗)0a00(a00(1450)) and B+ → D(∗)0a+0 (a+0 (1450)) processes,
the isospin relation is invalid. From the tables, it should be noted that the branching
ratios of the B0 → D(∗)0a00(a00(1450)) modes are enhanced by the W -exchange(E) type
annihilation contributions, and as large as those of B+ → D(∗)0a+0 (a+0 (1450)) or even larger.
For B0 → D(∗)0a00(1450), the branching ratios in S1 are larger than those in S2, because
the W -exchange type annihilation contributions reduce in S2. We also note that except
for Bs → D+s K∗−0 (1430), the decays involving κ and K∗0 (1430) have small branching ratios
because they are color-suppressed, pure annihilation, and CKM suppressed processes, so it
is very hard to measure them in the current experiments. Moreover, we also find Br(B+ →
D(∗)0κ+(K∗+0 (1430)))>Br(B
0 → D(∗)0κ0(K∗00 (1430))), because the former are enhanced by
the annihilation diagrams.
Although the LHCb experiment has measured the branching ratios of B(s) → D¯f0(500)
and D¯f0(980) [10], the inner structure of the f0 is still unclear. In order to solve this long-
standing puzzle, various scenarios have been proposed. In this work, we have considered
these Bq → D(∗)(s)f0 decays based on the qq¯ bound states, which can be seen in eqs.(16-17).
Under this assumption, how to determine the mixing angle θ is another confusing question.
So far, the uncertanties of the experimental measurements and theoretical analyses have led
to different values [64]. Conservatively, in the tables, we provide both different predictions
for branching ratios by using the pure fn and fs states respectively. When the mixing angle
is determined, the branching ratios can be obtained easily using these two results from fn
and fs components. Similar to the ref.[26], we also adopt that the mixing angle θ is in
the range of [25◦, 40◦] or [140◦, 165◦] and present the predictions with the mixing pattens in
Table.VII, where the uncertainties are not involved. Similarly, after considering the mixing,
17
the branching ratios of Bq → D(∗)f0(1370), D(∗)f0(1500) processes are also summarized in
the Table.VIII, in which we only list the central values. In ref.[65], the authors have studied
these B(s) → D(∗)f0 decays, and our numerical results basically agree with theirs.
Combining the experimental data, we can constrain the mixing angles in turn. For
instance, according to eq.(16), we can define
R4 =
Br(B0(+) → D(∗)0(+)f0(980))
Br(B0(+) → D(∗)0(+)σ) =
sin2 θ
cos2 θ
, (29)
which will shed light on the the mixing angle when the experiments are available, especially
the B+ → D(∗)+σ(f0(980)) decays with sizable branching ratios.
From Table.VII, one can find that the branching ratios of Bs → D(∗)0σ(f0(980)) are sen-
sitive to the two different value range of the mixing angle. For the Bs → D(∗)0σ decays,
both the components fn and fs contribute to the amplitude but with different mixing coeffi-
cients and even opposite sign. When the mixing angle is less than 90◦ the two contributions
from different components make a constructive interference to the branching ratio, while a
destructive interference when the mixing angle is larger than 90◦. As a result, when the θ
is an acute angle, the branching ratio is much larger. So this is helpful to determine which
of two ranges that we adopt is appropriate, when the experimental data are available. The
situation about the interference between fn and fs is just the opposite for Bs → D(∗)0f0(980)
processes.
From eq.(17), the interference between fn and fs components is constructive for decays
B+ → D(∗)+s f0(1370) but destructive for B+ → D(∗)+s f0(1500) processes, however the situ-
ation is reversed for Bs → D(∗)0f0 decays. For B+ → D(∗)+s f0 decays, there are enormous
differences between the two scenarios, which provides a good platform to identify sound
assumption about the structure of scalar mesons.
Frankly speaking, based on the assumption of two-quark model of the scalar mesons,
by comparing our predictions and the forthcoming experimental data from LHCb or the
forthcoming Belle-II, we hope to provide a possible way to study the inner structure and
physical properties of the scalar mesons, especially for these decays with branching ratios of
10−6 or even bigger. It is worth stressing that the nonperturbative contributions and even
the exotic new physics contributions may play an important role, but they are beyond the
scope of the PQCD predictions in this work and expected to be studied in the near future.
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TABLE VII. Branching ratios of Bq → D(∗)S(σ, f0(980)) decays with the mixing.
Decay Modes 25◦ < θ < 40◦(10−7) 140◦ < θ < 165◦(10−7)
B0 → D0σ 0.05 ∼ 0.07 0.05 ∼ 0.08
B0 → D0f0(980) 0.02 ∼ 0.05 0.01 ∼ 0.05
B+ → D+σ 3.08 ∼ 4.35 3.08 ∼ 4.91
B+ → D+f0(980) 1.55 ∼ 3.59 0.58 ∼ 3.59
B+ → D+s σ 78.3 ∼ 109 80.7 ∼ 125
B+ → D+s f0(980) 41.7 ∼ 93.4 21.3 ∼ 100
Bs → D0σ 14.0 ∼ 14.5 0.80 ∼ 5.73
Bs → D0f0(980) 0.30 ∼ 0.99 7.30 ∼ 13.4
B0 → D∗0σ 0.04 ∼ 0.06 0.04 ∼ 0.07
B0 → D∗0f0(980) 0.02 ∼ 0.05 0.01 ∼ 0.05
B+ → D∗+σ 3.55 ∼ 4.97 3.55 ∼ 5.64
B+ → D∗+f0(980) 1.87 ∼ 4.34 0.70 ∼ 4.34
B+ → D∗+s σ 61.9 ∼ 96.9 99.4 ∼ 135
B+ → D∗+s f0(980) 68.0 ∼ 127 4.91 ∼ 67.0
Bs → D∗0σ 15.7 ∼ 15.7 1.41 ∼ 7.20
Bs → D∗0f0(980) 0.18 ∼ 0.35 7.69 ∼ 13.2
V. SUMMARY
In this paper, under the leading order approximation ofmD/mB expansion, we investigate
these Bq → D(∗)S decays induced by b → u transition within the framework of PQCD
approach. Since these decays can occur only through the tree operators, there are no CP
asymmetries. We find that the cancellation between two annihilation type diagrams that
occurred in the Bq → ππ decays has been destroyed by the large difference between the final
D meson and scalar meson. So the annihilation type contributions are even at the same order
as the emission diagrams, especially these from nonfactorizable annihilation diagrams. Our
analyses show that the branching ratios for these decays considered in this work are in the
range of 10−5−10−8. We also find that the different scenarios heavily influence the branching
ratios of the color-allowed decays, which may shed light on the inner structure of the scalars.
It is suggested that experiments can detect the mixing angle of the σ−f0 system via the ratio
Br(B0 → D(∗)0f0)/Br(B0 → D(∗)0σ) and Br(B+ → D(∗)+f0)/Br(B+ → D(∗)+σ), because
only the fn component contributes to the amplitudes. It is noted that the measurements
of B+ → D(∗)+s f0(1370) and B+ → D(∗)+s f0(1500) allow us to distinguish the two different
scenarios adopted in this work.
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TABLE VIII. Branching ratios of Bq → D(∗)S(f0(1370), f0(1500)) decays with the mixing.
Decay Modes S1(10−7) S2(10−7)
B0 → D0f0(1370) 0.53 0.21
B0 → D0f0(1500) 0.26 0.12
B+ → D+f0(1370) 2.09 13.9
B+ → D+f0(1500) 1.17 7.52
B0 → D∗0f0(1370) 0.65 0.38
B0 → D∗0f0(1500) 0.32 0.21
B+ → D∗+f0(1370) 2.93 17.4
B+ → D∗+f0(1500) 1.64 9.47
B+ → D+s f0(1370) 57.4 365
B+ → D+s f0(1500) 19.9 189
Bs → D0f0(1370) 11.7 2.80
Bs → D0f0(1500) 23.6 20.4
B+ → D∗+s f0(1370) 73.7 433
B+ → D∗+s f0(1500) 11.4 82.4
Bs → D∗0f0(1370) 14.5 5.80
Bs → D∗0f0(1500) 25.6 20.2
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